A B S T R A C T Eight untrained, obese females (>30% body fat), ages 25-33 yr, were studied before, at 1 wk, and after 6 wk while taking either of two 830-kcal/d diets: carbohydrate-containing (CC) group (n = 4): 35% protein, 29% fat, 36% carbohydrate; carbohydraterestricted (CR) group (n = 4): 35% protein, 64% fat, 1% carbohydrate.
INTRODUCTION
Physical exercise has been recommended as therapy adjunctive to low calorie diets in the treatment of obesity (1) (2) (3) . There is little data, however, on the capacity for exercise during rapid weight loss. Christensen and Hansen (4) and later Bergstrom et al. (5) , showed that the capacity for exercise was reduced after a few days of carbohydrate restriction, but these were acute experiments in which little time was allowed for adaptation. McClellan et al. (6) in 1930 studied two subjects who took a 1-2% carbohydrate, weight-maintaining diet for 1 yr. Although no formal exercise testing was done, neither subject noted any change in his ability to perform a 2.25 mile "run" in -20 min after 3 mo of the diet.
These early studies of carbohydrate restriction have current relevance to the renewed interest in low carbohydrate diets, but they do not delineate the capacity for exercise after adaptation to these diets.
In an earlier study in this laboratory (7) , obese subjects were studied before, and after 1 and 6 wk ofeating a hypocaloric, low carbohydrate diet. Endurance, while walking on a treadmill at -60% maximum oxygen uptake (VO2max) was decreased after 1 wk, but by 6 wk had increased to 155% of base line. Whether endurance could be maintained at higher work loads that place more stress on specific muscle groups and con-sequently on muscle glycogen stores, was not determined.
The purpose ofour study was to determine the endurance capacity and substrate use during strenous exercise after adaptation to either a carbohydratecontaining or carbohydrate-restricted, hypocaloric diet. Cycle exercise at heavy work loads was used to specifically stress the muscle glycogen stores of the quadriceps.
METHODS
Subjects. Eight, untrained obese female volunteers, ages 25-33 yr, weighing between 63 and 108 kg (mean 81 kg), and with body mass indices from 25-39 kg/iM2 (mean 31 kg/M2) were studied (see Table I ). All Measurements and calculations. Weight and vital signs were measured daily, and urine ketones were measured twice daily. The percentage of body fat was estimated during the base-line period and during the final week of the study by hydrostatic weighing (8) after corrections for residual lung volume as measured by the helium dilution technique. The VO2max was determined for each subject after an overnight fast during the base-line period and in the 6th wk of the experimental diet period. Serial 4-min work bouts of increasing severity on a cycle ergometer were interrupted by sufficient time to allow subjective recovery. The test was stopped when the subject could not complete 4 min ofexercise at a higher work load. During this and all other bouts of strenuous exercise, each subject was constantly monitored by electrocardiogram. Expired air was collected in weather balloons during the final 60 s of each work bout, and the 'Abbreviations used in this paper: CC, carbohydratecontaining; CR, carbohydrate-restricted; RQ, respiratory quotient, VO2max, maximal oxygen uptake. volume was measured in a Tissot apparatus and reduced to standard temperature and pressure. Aliquots of gas were collected over mercury for carbon dioxide and oxygen measurement by the Scholander method (9). VO2max was defined as the highest calculated oxygen uptake of the serial samples.
Endurance of the subjects was measured after an overnight fast at the end of the base-line period and after consuming the experimental diet for 1 and 6 wk. On the morning of the test, an indwelling cathether was placed in a forearm vein and kept open with an infusion of 0.9% saline. Just before catheter placement, a percutaneous muscle biopsy was obtained from the vastus lateralis muscle. After local anesthesia, a 3.5-mm Diam side cutting needle was passed through a 5-mm skin incision and subcutaneous adipose tissue, and then advanced -3 cm beyond the muscle fascia. A single pass with the inner cutting cylinder yielded muscle samples of 10-25 mg in size. The muscle tissue was rapidly dissected free from visible connective tissue and fat. Samples were suspended from a stainless steel wire attached to the enclosed weighing arm of a Mettler balance and weighed at timed intervals for 2-3 min. Initial weights were calculated by extrapolation to time zero when the sample was extracted from the needle. The sample was then immediately solubilized for glycogen determination.
20 min after the biopsy and catheter placement, the first base-line blood samples were drawn for complete blood count, serum electrolytes, blood urea, nitrogen, creatinine, total protein, albumin, and various substrates and hormones. The latter included glucose, lactate, pyruvate, betahydroxybutyrate, acetoacetate, FFA, insulin, glucagon, and growth hormone. Upon completion of blood sampling, each subject cycled for 5 min with no load (unloaded pedaling). Immediately after stopping, blood for measurement of substrates and hormones was drawn. When fully rested, subjects pedaled for repeated bouts of 15 min separated by 5 min of rest. Work load was adjusted to 70% of each subject's tested base-line maximum work load and was held constant for each of the three endurance tests. For example, if the baseline VO2max was achieved at a work load of 200 W, the endurance test was performed at 140 W (0.70 x 200 W) at base line, 1 and 6 wk. The ergometer (Godart, DeBilt, Holland) was electromagnetically controlled to hold the work load constant, independent of revolutions per minute. Expired gases were collected in weather balloons for 60 s during the final minute of unloaded pedaling and during the 12th-13th min ofeach exercise bout for calculation of minute ventilation, oxygen consumption, carbon dioxide production, and respiratory quotient. At 14 min into each exercise period, blood samples were obtained for the substrate and hormone measurements. When a volunteer reported that she was near exhaustion before the end of a full 15 min work bout, the gas collections and then the blood samples were immediately collected. In all cases this was in the final 5 min of exercise. The test was ended when the volunteer was unable to continue pedaling at the determined work load. Immediately after stopping exercise, the muscle biopsy was repeated for glycogen determination.
Analyses and calculations. Muscle glycogen was determined by first solubilizing muscle tissue in 30% KOH and then precipitating the glycogen with iced ethanol, and hydrolyzing in 6 N H2SO4. The glucose released was measured colorimetrically with orthotoludine (10) .
Plasma insulin and growth hormone were measured by a double antibody immunoassay method using I'25-labeled pork insulin and human growth hormone as tracers and human insulin and growth hormone standards. Plasma glucagon was measured by a double antibody immunoassay method using Muscle glycogen in the preexercise period in the CC group decreased from 1.74±0.13 g/100 g tissue at base line, to 1.54±0.14 gIlO0 g tissue after 1 wk, and 1.65±0.22 g/100 g at 6 wk. Significantly larger declines (P < 0.023) occurred in the CR group: 1.76±0.22 g/100 g tissue, 0.81±0.14 g/100 g tissue, 0.86±0.04 g/100 g tissue at base line, 1 and 6 wk, respectively (Fig. 2) . In the CC group, the base line period preexercise muscle glycogen is the mean±SEM for three volunteers because one volunteer's muscle biopsy sample was inadequate for glycogen determination. All other muscle glycogen results were calculated from four volunteers in each group, at base line, 1 and 6 wk. The mean postexercise muscle glycogen concentration in the CC group, 0.31±0.14 g/100 g tissue, 0.31 ±0.09 g/100 g tissue, and 0.19±0.12 g/100 g tissue were not significantly different from those of the CR group: 0.41±0.08 g/100 g tissue, 0.28±0.09 g/100 g tissue, and 0.28±0.09 g/100 g tissue at base line, 1 and 6 wk, respectively (Fig. 3) . The percent changes in muscle glycogen correlated well with the percent changes in endurance (r = 0.79, P < 0.01) (Fig. 3) .
Respiratory Quotient (RQ). The RQ during unloaded pedaling, at base line, 1 (Fig. 4) . The mean fasting insulin, growth hormone, lactate, pyruvate, FFA, and glycerol concentrations were equivalent between groups at base line, 1 and 6 wk. The mean fasting serum glucose concentration was lower (P < 0.036) and the mean total ketone concentration higher (P < 0.001) in the CR group than in the CC group at 1 and 6 wk during the experimental diet. The mean fasting glucagon concentration was equal between groups during the base-line diet and after 6 wk, but at 1 wk it was higher (P < 0.03) in the CR group than in the CC group.
The changes in the mean glucose, FFA, betahydroxybutyrate, insulin, and glucagon concentrations during the three endurance tests were similar between groups at base line, 1, and 6 wk. The mean acetoacetate concentration declined during exercise in the CR group, whereas it increased in the CC group (P < 0.007). The mean growth hormone concentration was higher during the exercise and rest period in the CR group (P < 0.008) than in the CC group after 1 and 6 wk. This is possibly due, in part, to the decreased endurance in the CR group, since as the exercise continued the growth hormone concentration gradually declined, and these later values would lower the mean value in the CR group. The mean glycerol concentration was higher in the CR group (P < 0.02) only during the last endurance test.
DISCUSSION
This study was designed to determine whether there are differences in metabolic fuel use and/or the capacity for strenuous exercise after adaptation to a carbohydratecontaining or a carbohydrate-restricted, hypocaloric diet. During 6 wk of a low carbohydrate diet (1% carbohydrate, 830-kcal/d), muscle glycogen stores were depleted to -50% of base-line levels and there was a similar reduction in the capacity for strenuous exercise (-75% VO2max on a cycle). The fact that this was an effect of carbohydrate restriction and not due to caloric restriction alone, was evident by the maintenance of resting muscle glycogen and exercise capacity during the period of the isocaloric, carbohydrate-containing diet. Furthermore, since there were no significant differences between groups in body composition changes, or in the fuels used during exercise (as estimated by changes in RQ and substrate concentrations), differences in endurance could not be attributed to these parameters. In our previous study (7) , six untrained obese subjects were evaluated before and aftcer 1 Conclusions. During 6 wk of a carbohydrate-containing or carbohydrate-restricted 830-kcal/d diet, similar changes in blood substrate concentrations are achieved during exercise at -75% VO2max on a cycle. The relative contributions of glucose and lipids to energy production, as estimated by the steady-state RQ appear to be the same.
Resting muscle glycogen content and endurance, at -75% VO2max on a cycle, are maintained while taking a 36% carbohydrate, 830-kcal/d diet. In contrast, after 6 wk of a 1% carbohydrate, 830-kcal/d diet, significant decreases occur in resting muscle glycogen and in the capacity for cycle exercise at -75% VO2max.
